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ABSTRACT

As part of a pro.j_ __ to, compute imp_ov_ ;_;,_JJ_i_:data fl)r the spectra] model-

ing of iron }( lines, v,_, lceport extensive calc_d;ti i<)_,s azld comparisons of radiative

and Auger rates fbt l_ansitions involving tl> lq-\_cancy states in Fe xxrv. By

making use of sever _{ computational c{_d_'>. ;_ ,[_lailed study is carried out of

orbital representatit, >: configuration inte_acl i, _. l(qativist.ic corrections, cancel-

lation effects, and fit_' tuning. [t is shown l liar _t t{)rnml treatment of the Breit

interaction is essenti;_l to ten(let the' iml)O_l;,:_ _;_gm't:.ic c_)rrelations that take

part in th_decav p,_.lu'avs of this iol_. :\> _ ,,..-_ll. lh<' accl_cacv of the 1)resc_lt

A-values is firmly _ _=.:(:_l at l_t{(q [hattt 1(_:.( ,,,iiih, (.hat _,[Elm Auger rates al.

only 15%.

Subject heading,s: _tt,mfic data - atomic l)_tt:ss_> line fl)rmation - X-rays:

spectroscopy

1. Introduc_i<m

hon I( lines are alli_,l_.4 the lilt)st int(u'eslin,: t,'_t_tl(> in a._llonomical X-ray spectra.

These lines appear in ma_r ,ostnic .",[-ray sources. I i_(,\ stl(, locate.d in a relatively unconfused

spectral region, and hay,' _Lwell understood pot{'ttliad in plaslna diagnostics. Detections

date to the earliest rock('_ _'xperiments ozi astioii,)mi(it} X-ray spectra (Chubb et al. 1963;

Serlemitsos et al. 1973). It_,Ii I( line observations hawc hc[p(_d to d_,terniine flare temperatures

in the Sun (Doschek et ,t. 1981) mid sui_ernow_ _,'lmlanls (Serh'mitsos et al. 1973), the
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emission geometry in X-ra_ I_inaries ($anford et HI. !!)75: Pravdo et al. 1977), have revealed

the presence of extragalact i,- nuclear processed n,,_t, Li_,J in clust¢_rs of galaxies (Serlemitsos

et al. 1977), and strong gl_vtlv lit Se\'f¢ur _ala×i_> 'L_it_d_a _-_1al. 199.5).

Recent irnprovement_ _l_ the Sl)¢_cl.l_d c_ll)_¢l)ili. ;_;_t _¢utsith'il.v ofsatellite-borne X-ray

telescopes ( Chardra, XMI/ ' _A,'_Lto_z) hav_ prom_,_,..! ¢iL(' role o[ Fe K lines in diagnostics,

trend that will contilme r(, evolve with the lmmci_ ,_[ (ttt-ltre instruments such as A.¢,vo-E2

and Cor_stellatior>X. Plaslm_. diagnostics such as i I_>_, devised from the iron K spectrum

ultimately rely on the kn(,v,[edge of the microphysic,_ c_f line fi)rmation and hence on the

accuracy of the atomic dat _. In spite of the line i_hultifi(:ations by Seely et al. (1986) in solar

flare spectra and the lab_, _,tory measurements (_f B_i_,ls([ _rfer et al. (1989, 1993), Decaux

& Beiersdorfer (1993) anal l)('caux et: ai. (1911)5. J!_f)7). tiw I(-vac_mcy level structures of Fe

ions relnain incoml)lete a._; ,;m be conclltded fn)tlL t i_' !('((_nt. criti<al compilation of Shirai

e,t al. (2000). Vv'ith iegar,[, to radiative an¢l _.\_t.a._'_l;_t._s, the highly ionized inembers of

the isonuclear sequence, _:;_mely F(_ xxv-Fe XXl. i_a\'c r¢x:ei\'e_l much attention, and the

comparisons by Chen (198 ;1 and IKal;o et al. (t997) l_;_,' I)rought al_out some degree o[ data

assurance. For Fe ions wit,[_ a.n electron occupan¢:) .w<_ter than 9, Jacobs et al. (1980) and

aacobs and Rosznyai (198(;) have carried out cetH >_i f>td calculations on the structure and

widths of various inner-sh_,ll transit.ions, lint th¢,s,_ I_a,\¢' not been subject to independent

checks and do not suffice _t_ m'.nt re¢luirements (/ i,,\,,[-_ ,>h_vel da.la.

The present report i,- ¢h(, first, i_, _t pro.),_r _. :, _!¢._m_licalh' compute improved atomic

data set, s fbr the lnodelin> _[ l( specl.nt. Tlw <'ml_l_:,k-: i> l_l;l_ on H.(:<_tlacy and comi)leCeness.

For this Innpose, we ntak, tse of se\c'tal st,at(!-(}fLt i_'-;_l a{<)nlh: physics codes to deliver for

the Fe isonuclear sequent(,: ,mergy levels; wa.vehmg_ t_s: r:uliat.i\,e, Auger and electron impact

excitation rates; and photo,ionization cross sections, h_ the case of Fe xxIv, transit;ions of

the type ls2rd- ls2p'aI wi_lt n, > 2 yield satellit_ lilws _m the red wing of the ls '_- ls2p lines

.,._oA. These satellite line> I_h,nd with the Ee xxv emission linesof helium-like Fe xxv at l "-

in low and medium iesoi_tl LOt1spectra and disto_l the, o[_set\ed emission line ratios often

used in plasma diagnostic_ (IBautista &: [<alhna.n _)liil: ( )_qgoet, z & Pradhan 2001). _\,k_ have

approached the radiatiw, ;_m[ autoionizat, ion (._\u:a<) t}n)perties of Fe xxIv as a test case

of the numerical method> ;_,a(l of the relevance o1 the' _lii-t<ent physical effects. By detailed

comparisons with previou,', work. it has b('(;Olne (wi_h,_tl _hnt there is room for improvement,

that some of the computal i, ,ttal packages are defi_i_'t_ t_H the st.u(tv of K-shell processes, and

that an efficient strategy ,;_u l)e prescribed for lht, t l_'a_nmnt of the whole sequence.
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2. Numerical L_x_,_ttods

In tile present work ,',, (-'ml)lo5"three cliIti,_,._tl _:_,lmtatioual packages to study the

decay properties of the 'n :: :2 K-va_:;mcy stat.es of i.i-lik,, l:'e xxIv.

AUTOSTRUCTURE: an exl_']_._ioll t)3' Bs._dnell (195ti. i!)!)7) _f the atomic structure (:ode SU-

PERSTRUCTURE (Eissner _'_ a]. 1974) to t,wat a_j_,)i,)_ization pl_)_:esses. It also integrates

piecemeal developments tl,¢_t have been carfie_l ,,_ ,,v_,_ lh_-_ 3,_;_rs to implement improve-

ments in the relativistic flatx_cwork, I:eInl-ell(_rgy (:_l i__i i_u._, all(l C(mlomb-Born high-energy

limits.

IIF1Z: the Hartree -Fock s_i_,' (Jf co<lcs I_\' (:owa.l_ (l!ib!) I t_at inch,<los relativistic corrections.

It ix used to calculat, e le\t't ,'t_<gics. wav(qenql hs. ,,_, _ii;,_<_ strengths, and in a pert.url)ation

approach, autoionizatio_ ,g_t,,s.

BPRM: the Breit-Pauli v(q >i,m of the f{,-Itia{;tix (!i. :/t,,ll sca{:teriltg code (Burke et al. 1971;

Berrington et al. 1974, 19 L_. 1!)87; Scott & Burk.: I:}S(I: Scott & Taylor 1982). Resonance

parameters are computed i_: the asymptotic l.{'g,i_;ti ,vil[l th(, ST(;QB module by Quigley &

Berrington (1996) and Q_ _.:,>y et al. (1998).

We have found the I.,, I.i-like svStelU t.o I_(' Lt_ tlll_suallv \>rsat.ile workbench for the

mag_l(;t, ic interactions, ;._ ;_,I lh_tt l)crhaps h_._ _,,_ i,_,_t ahva\s a.1)preciated in previous

work. Thus prior to thv ,i,,scrip¢iou of the' tlltl_t¢.ll<_li _h:t;ails (_1 the codes, we include a

concise summary of the l{,I,tt:ivisl;i<, Bieil_ Pauli kl,_lili_)uian which is used throughout our

computational portfblio ;:us,t will be central in the _li,_:_t>sion of r_vsnlts.

2.1. Breit-Pauli limniltonian

The Breit-Pauli Hamil'.:,mian i_ au _.V<qe_.l _,_ c,>l,,_u is givm_ by

1t,_t, _= t1,,,. _- 1/= ': 't. (1)

where /-/,,. is the usual n<,_-_vlat;ivis_ic Hamih<mi_ _.. lJu? tme-bo_iv relal;ivistic operators

iX:

Lr ,,= +/,,(so)

represent the spin-orbit i_t ,'ract, ion_ f,,. (so): and _ht, _>,i_-li _te structure mass-variation, ,#,_(mass),

and one-body Darwin, .f,_ _I), correct,ions. The-' _w,,-t,,_,ir __rrecti_ms



usually referredto astile lift.it inreracdou:incht(l{>.(,_ _l_,onehand, tile finestructure terms
9,_(so) (spin-other-orbit _ 1_,1mutual spin-d,i 0 _,tLc.v,......(ss) (spin-spin), and on the other,

the non-fine structure terll>: .(i,,,m.(css) (spin. spi]_ (_l_,:t.), 0,.,,(d) (two-body Darwin), and

9,,_(oo) (orbit-orbit).

The radiative rates (. 1-values) tkn {'leul.riu (iii,., _l_t (lml.drUl)oh _ transitions are respec-

tively given in units of s- 1_,,,-1;he cxprt'ssions

At, it/:. i) = '2.6774 × 10 !_ A, L', _ 1) -&, (/,, ,;) (4)
.()Ic

_<..ii:,,,:):2.ors3 × >._(s-,- /:,l:2&_(i,:,./) (s)
.q/,:

where S(/qi) is the line -i](_ngth, fh: I.hc st.;lt.isii,_i v,{,ight of the upper level, with ener-

gies given in l_ydberg unil:_ and lengths in B{_hl ta,Iii. Similarly for magnetic dip(fie and

quadrupole tr_nsitions, tl[ , .t-values _/re

A:,E :,,i) = 3.5644 x 1011../: - /:--&,,(/,_: e; (6)
f/k

&_._,_:_,._:)= 2.:J7,_7x ]0-_(£. /:,)"££,,_(I,:. ,i). (r)

Due to the strong magn,'_i, interac:ti{ms h_ d_ix t}_,. l it{, m,,gnmic dipole line strength is

assumed to take the form

where

(8)

_N

l'-=e°+ex =Z{I( n : o(n)}+P"<. (9)
1Z_ ]

pO is the usual low-ordei kll operatx}r and P"': it;{!ll{{,,s {2it relal:ivistic corrections estab-

lished by Drake (1971). All hougti the main _,st._{_l.,}t',-si{:al interest is in E1 I,fo: decays, it is

shown here that. some of *i_{' frobidden transiti{ms (liq)l;w A-vahles comparable with the E1

type and therefore must 1){, taken into account for ;,,:u>u:v. Furthermore, in the case of the

ls2s2p 4P°/2 state, radial ix_, {h-:{:ay can only {)(:{:u_ llir()lt_h forbi{l(h:n transitions.

2.2. AUT()STII! ('2lrkI£

AUTOSTRUCTURE (El_(hl(-!ll 198{5, 1997). ,_u {,:1, _si,)t_ of t.h{> atomic struct, ure pr{)gram

SUPERSTRUCTURE (Eiss> u el al. t974). (:{)11),1)1It('> ill:{' >! I'qcture h_vel energies and radiative

and Auger rates in a Bi<._t Pauli relal:ivisri{: f]a_:{-.v_)]k. Singh_ electron orbitals, P,_z(r),



are constructed by diago_lizing the non-rela.ti:i._th ilamiltonia.n, H,_, with a statistical

Thomas-Fermi-Dirac mo_teI potential V(A,j.) (Ei_,,_<_r k Nussbaumer 1969). The A,_l scal-

ing parameters are optimi,_(l variationallv by mitiilHizing a weighted sum of the LS term

energies. The latter are r0'l,lesented hv collfi:A_w_lf],,kL-illl-_:ractioli (CI) wavefunctions of the

type

t[/ =-)_. ,:, (10)

Continu_tm wa\,'(-'fU[l(:l%l()ll_ ;i,(! (:()IiStill{(:le([ \vi/,hill [,_' _i_L_,_t_,d-wave al)proxima_ion. Rela-

tivistic fine st;ru(:ture le\'_'i- _:ml rat:_._ aro ol_l_filJ_, i,, _liagonalizing the Breit-Pauli Hamil-

tonian in intermediate (-:, ll,ling. Both one.- m:(i tw()-t)()dy operators--fine structure and

non-fine structure (see S_.<:ion 2.1) -have been t:_[i', it_@emento.d to order a2Z 4 where a

is the fine structure const_.att, and Z the atomic n_::_l)et. The relativistic corrections to the

M1 operator (see Eq. 9) h_::_, been in(;orp(>ra.t('(l i¢, :_I:_'I':RSTRUCTURE by Eissner & Zeippen

(1981).

Fine tuning---which i- ;_<hisal)h, ti)r ll'ealin'.: ,l HI_'_ l ila,{ ({e(;a\- t;luough weak relativistic

couplings (e.g. inter(:om])_:_; r.ion tra_sit.ions) i._ _:;_x_'_t by meaus of term energy correc-

tions (TEC). By consi(leri_:..: the rela.t;ivisl.ic wa\el_:,_li_, e.;}, in a t)ert, urbation expansion in

terms of the non-relativis:.i_- functions t?l",

._¢-i

a modified H,,. is constlu(:red with in:pr:)xed esl i:_:::l(,_ :>[ the differences E_"- Ej:" so as

to adjust the centers of g:_:,i_v of the Sl)eCUal _:::lt il_l_'ts t() t.he ,xperiinental values. This

procedure thereforerelies_::l:heax'aih:l)ili:v()fsl):,{:,(_>::',_l>i::dat.a.

2.3. Hl,i-t

In the HFR code by ( ,,.van (1981), an orhiral t)_si., is obtained fi)r each electronic con-

figuration by solving the [q.-[rtree-Fock equation> 1,,_ _l_e sl)heri(:atly Averaged atom. The

equations result from the :tl)l)lication of the \'az'iati_,ttai l)dnciple to the configuration aver-

age energy and include roi _ivistic coire(:tions, na_:_'i', i ;re 13Junto Watson spin-orbit, mass-

velocity and one-body ]:);._win terms. The BI::]_:' ',,\;:i:s_n spin orbit term comprises the

part of the Breit interact:i, ,]_ l:h_t can 1)e :e(ht(:e_[ i,, _ {_:_e-1)odv operator.

The multiconfigurati, _ HanIiltonian matrix is :::>::s_:_::{:t.{'.dand diagonalized in the LSJ_r

representation of the Slal,_ Condon theory. Ead_ _:,trix element is a sum of products of
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Racahangular coefficient,-_([ radial inr_egrals(Sl_l(., _,t_[spin-orbit integrals)

' '' _-_ (12)(.,!ttlb) = ,,-,',,."
i

Tile radial parameters, 11" _:_tl l_c__ld.}_tstv_l i_ _ _ ,_L_L__'lh_ _xl_erimental energy levels in

a subsequent least-square_ *il ti_g 1)ro_:_dure. Th,,, i _,_,,._l_es an(l eigenstates thus obtained

(ab initio or semi-empiric_ Ilv) are used to (:()ltll)t_i, _ ilL_. w_wden:_th and oscillator strength

for each possible transiti_tL

The autoionizal;ion t_l,,s are cah-ulated usit_ Li,c l)_tturl)ation 1;heory expression

• ,i h,

>."./': / LS..,'r,)i

(13)

Here _ enlbodies the co_!,hng scheme, and l lw _,t_c_i]_itt% (llltlIll;lllll numbers necessary to

define the initial state; o' I_lnvs a similar role for i}_,' I t_<shohl st_l,t_ to which the continuum

electron, gI, is coupled. 'lh(, kinetic energy of 1i< il(,c electron, g. is determined as the

difference between t,he av,,t.,_(, ('neIgy of the, a.ut,,i,,_,i×i_ m_d t,lw t_hreshoM configurations.

The radial wave flmctions _1:l;h(_ inil:ial am[ tinal ._1;,t,.> ;_(, _)pl;imize_t separately'. Both states

ark calculated in intezm(=,li_lc coupling; but C,I i,- ,_t,,,ltl_l(?(t t't}l only in the autoionizing

states, i.e. no interaction ! _!l;ween l:li_,. _hreshol._l <_,/__uic confi:4_trat.ions is assumed. The

continuum orbitals, P_z('r._ ;_.tc solutions of th(_ I I:;.t; _,_, l)lus-Sta.listical-Exchange equations

for fixed posit, ive values ()1 ill(.; :-- Lagrangian n_tt[_ _,i:,,t>< {( :_wan [981).

2.4. BI't::.I

The BPR.M method i> uidely us_d in elec_:>,,_ i,)_a >_:_ttmin< and in radiative bound-

bound and bound-free c_l,_flations. [t, is basc_i _,_ t l_v close-_:out)ling approximation of

Burke & Seaton (1971) wl_,'tel)y the wavefl_m(_iot_ l_,l stales of an N-electron target and a

colliding electron with to_ ;,I angular mon_entun_ an(I l_mity ,In are expanded in terms of the

target eigenfunctions

The functions X, are vecl,_t coupled products oI tt_ l_v_:#,t eigenfunctions and the angular

part of the incident-elect__ functions, Fi(r) arv ',:t,.. _;_linl part of the latter, and 24 is an

antisymmetrization opera, ,_. The [mt(:tions d,e _._, t),,t_m[-t, yi)__ t'm_ctions of the t.otal sys-

tem constructed with tm:_'_ _nbitals: they arc i_, _<,,!_<_'d t(_ co_,_l)ensate for orthogonality
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conditions imposedon th_ t:;(r) an(t r_o impro\c :-l_,,rl-t_,nge corr(,.lations. The Kohn vari-

ational principle gives rise 1,) a set. o[ coupled inl,',.4_,>rliffbrential equations that are solved

by R-matrix techniques (13_rke. et al. 1971; B('.rril_l(,_ ('t a.l. t974. 1978, 1987) within a box

of radius, say, r < a. In l Ic. as3unl_loi;ic region (; > _}. ,('.sonanc:e positions and widths are

obtained from fits of the ,,J.:.,.enphase slnns with I i_,. >,'1c;C2B mo(l,fle developed by Quigley

& Berrington (1996) and Q_figh.'y el al. (1998).._n_iiz<,(l partial widths are defined from

projections onto the open, l_atmels. 13reit Pauii r<'i;_ ivi._tic corrections have been introduced

in the R-matrix suite by S(,,r:t & Burke (1980) an¢l S(()_t & Taylor (1982), but the two-body

terms (see Eq. 3) have not ._:_vet been _;aken into ait:l)llltl . hm_r-ehamml coupling in the scat-

tering problem is equivahm_ to CI in atomic strml u_c. and represents a formal and unified

approach to study the decaL,,,' properties of both t/,,L_tci stat es ant{ resonances.

3. Result

Since the present st.u_{ (if the l:e Li-lik(, s\,sl(,i._ h_ I_(_en apl)roached as a test case, the

atomic data, namely ener_v levels, wa\'ehqigt]tb..4 ,,' _l_l_'s. and Altger rates, are computed in

several approximations anal ,'xte.nsivelv compa.re<t uicll tit.her data sets. This methodology is

destined to bring out the (t,,lviinant physical eff'e(:_._ _(1 _he flaws and virtues of the different

numerical packages. Ad<i l i(mally, it, pro)rides ._1_ i:,ti<'._ for det,¢rniining accurac}' ratings,

something which has not _.cn establishe_l firmh i,_ i li_ l,aSt. Sitice numerous cah:ulations

have been perfbrmed, only ;_ rcpresenl;agive s¢lec:li,,t_ i_ _rcse.nted (see key in Table 1).

Three cah-ulacions wi_ i, AIFFOST1ZUCTURE iil_' ii.,i_'_l .\ST1, the ion model is represented

with configurations solely [t_mi the _. = 2 conlplc:.: _ltt< excludes the Breit interaction, i.e.

the relativistic two-body ,,i_era.tors in Eq. (3); ASI2. ihe same as AST1 but includes the

Breit interaction; AST3 ta,l:es into account the i_'_. single and double excitations to the

rz = 3 complex, and TEC. i-lie latter model ena.lfie._ the estimate of CI effects from higher

complexes and the fine tm_ i_g of the final delivera l,i_, _la _.a set. Two computations with HER:

HFR1 is equivalent to ASI2: in HFR2, full _. = :; (_I is incluch,<t and the radial integrals

are fitted to reproduce e::i,_uiment_fl em.ugies (t:]li, _l_t_n_ximation should be equivalent to

AST3). BPR.1 is a colnp_ll;_t:iott \villi BPRM \Vllei, i:. i li(' [-Ie-like tetrget is repre.sc'nted with

the 7 levels from the ls e. ls2s. aml Is2p colll_f_i:ia_ti,,.a:s. SillCe BPRM does not take into

account the Breit interacl ,,ft. BPR1 should be _:(,::ti.,_t;_}_l(' with AST1.

We also compare wi_Jt tive external da_a sel;: (>,,_' Tal_le 1). C()R, corresponds to the

data set referred to as "C,_fille:' in I(ato et al. (15.15t;-'!_,m@uted with the program AUTOLSJ

(Dubau & Loulergue 198i}, an earlier lint. sin_ii;_ imlflementation of AUTOSTRUCTURE.

SAF contains the data sel 'Safronova" in 1,2ato _,t _,i. (If)97) am[ energy levels reported in



Safronova& Shlyaptseva<['._!)6)that have.been¢_i)l_lin<_dwith a 1/Z perturbation method.
This method usesa hydrog_nicorbital basis,the.'_:(_m(qationenergy includescontributions
from both discreteand con_muumstates,and the _u-()-I)o_h'operal,orsof the Breit int,eraction
and QED effectsare obtain_d in a hydrogenical4,_,xi,_ation through screeningconstants.
BPR2 containsboth A-wfl_t,,s and Auger widths c_i,_i[_t.1 !,(l with BPRM by Nahar et al. (2002)

using a target model that _(,mpriscs levels with _, :: 2. IIFr_3 }_v Lemen et al. (1984) gives

Auger rat, es computed will, _F_. itt _ siugle <:<mfi__l:_il }r,ll aI>l>r(>ximation (i.e. no CI even

within rz = 2), the Breit i_ ,,)_lc:l;ion is _>t takcl_ i_:i,, ,___mm, and the Coulomb integrals are

empirically scaled by 157_ t f)allow fbr neglecl<_(l _ i!i,:t:..k[CDF (Chen 1986) contains data

computed in a multiconfig_tation Dfiac-Fock m,)_k,_l ll_il accounts for the Breit interaction

and QED in the transition _,.ttugy, but excluch_s _,1_.vx_l_ange int_>_ction between the bound

and continuum electrons.

In the context of th(, ¢;_lc_flati(ms of Auger _[_.cs_\,_ wil;h AU'F()STRUCTURE, a dilemma

quickly arises regarding i_ _cl_rcsentation, wh_'l !_'_ l_ _>(' Li-t.)'l_(' orbitals (parent ion) or

those of the He-like relnt ;_t.. By c_mq)ahs(m x.:tlL _(>_flts f'lOt_t r_lle more formal BPRM

method, it b(_cornes (;lear ll_ tl the l_/l.le!r [yp(_iS /i.t' :-._tI,t_tior d_oi_('. On the other hand, the

situation is less certain f'o_ t[[c_ I,_o; radiative data _l_(' i:() lhe al)sen(:c of noticeable differences.

In this case, and due to s_,lt,._what better agreentcl_ with 1)teviol> work, the A-values have

been calculated with parv_l orbitals.

3.1. Energy levels al_d wavelengths

In Table 2 we comp;_,, l;_(>(m[ l(,\<,l _mctt4iv_- ,,,i_ t_ ,'Xl>crimcn_ a.nd SAF. It may I)e seen

t,hat the energies obt, a.iue_i i, ,t t,he B2-vm:ancy hwt,_'_ __ [_ ,_lq)roxim_cion AST1 are on average

10:t:2 eV higher than exp(<imenL By including t.h_ ,_<,ii itiI:eract.ion (AST2), and mainly due

to the contribution from t l,_ non-fine structure t\v_,-i>t)¢h, terms, _his discrepancy is slightly

reduced to 8 + 1 eV. Fmther consideration of ('l. i._. ttom configurations of the n = 3

complex, does not bring al,_)ut noticeable impro\c_>qt_s, iResults obtained with BPR1 bear

a similar degree of discord. 12his svsu_matic diffbr_._:c<, i_ ps_rt13" <htc to neglected interactions

(e.g. QED), but also to tt_. ti_ct that oithog(mal _i_}! _/1 )_s(_s are used to represent both the

ground and lowly excited 1,,rand staI>s, in th(, ()_, J_;_,_i. and the highly excited K-vacancy

resonances on the ethel ll_ts ([iscatding cotc _(,!:_>::_ti_ clfect_s. Since HFR can generate

variationally separate set- ,,[ orbit.a[s for each (x)l_[WA_tlalitm, it [_'ads to more accurate ab

irai_io energies: the aver_4, discrepancy of HFR 1 with <'xperiment is only 2 :t: 1 eV. Fine

tuning, invoked in approx lt.ations AST3 and HF]7: 2. __,suhs in t,heoretical levels within 1 eV

of experiment, comparabl _ _x>the accuracy of 1.; _.\ displayed by SAF. For the unobserved



1s2s2p4p_/2level,an ener;! of 6.6285(3)ice\' is 1)_,_1i(1,(l which is in goodaccordwith value
of 6.6283keV quoted by S\ t:.

In Table 3 we compH_,,line wavelengthsde_iv('ritl_)m the AST3 and HFR2 approx-
imations with experiment H_d oth(-_I.heoreti(Hl_,'._L_[l_."iFhe nmasurernents were made by

Beiersdorfer et el. (1993) _ itll a high-t_soluti_m i5, _,:-':a,, ',sral sp(_:t.rometer on the Princeton

Large Torus Tokamak. (,_ l_ l_te\'i_lLs crili<:lsn_ i, _._,L<lit_ Ih(,, im:_mlpleteness of tile exper-

irnental data sets is cle_ _ supporl_(1 t)v I;his ,;,_!_;_,is<)n. \Vith respect to experiment,

differences with HFR2 ai,.l SAY are not buger _i,_LL (t.4 mA while those with AST3 and

MCDF are within 0.6 mA atLd 0.8 mA respectiv(qy. this h,vel of' accord is somewhat outside

of the average experimenlal precision of 0.23 tn:\. ['h(' values listed by CO1R are system-

atically shorter than exp( l[lticitt t)\ _" 3 InA HII(t ITlt(' (z[) zrt,it'/,rs results bv BPR2 can be

discrepant by a similar al_l,>_mt. In gen(_ral, dilf(_i_:_'a i,_l:we(m the_ AST3, HFR,2, SAF, and

MCDF data sets show s_;_i ,,"re with sl;mdard _l_\i;_ i_H_._,_ot la.raer than 0.3 m.i_ which can

3.2. Radiatixt_ rates

A Li-like E-vacancy el;He <[ecavs radiativelv i_\ <_t_it[ing a [_(_: photon:

l_s_'_2p '''_ (2'%+_)L_ --= i._:2/, ;Li_ ' + _..

The strong transitions at<, _!_., (lipoh_ spi_.-alh)w(_l 2.'.%.

(15)

l --- 2) l_l_t, intercombination tran-

sitions (2S_: + 1 = 4) (:_ul _1-{) I<_l{e i_la{:e th_{_lj41_ :_[,!1_' _q;ttivisiit coui)lings. Furthermore,

we h_ve found that. in so_. (:_ts_s ll_, li_rt)i(hh,_ _: _dti_)_snms_ als() be considered.

In Table 4 we pzesen_ l__nsitiou 1)robabilit, i_'s __,,_1_1.(_1t in th(, different approximations

together with those from i,revious work: BP!22. _i()[{. $AF. and MCDF. In the following

discussion, we exclude the i.__msitions 10-3, 12-1. I:; 2. a.nd 18-2 _s they are severely afl>cted

by cancellation and nothiu_ further c;-tlt 1)e ass(ute_i Hi_(H_ I:heir ra(lbttive properties. In Fig. 1

we compare A-values conll,_tled in AST2 with t/_,_:_<,i_: ASTI ull('.ze significant differences

are found. In general, th,. inclusion of tile Br_'i_ i_u_lion (AST2) increases rates; while

the variations are not 1_4_'_ than 1()(/_ fbr rh_, _i_i_ _!i(m,e(t transitions that exhibit, large

rates (logA,. > 14), the_ _L[_mcem(u_ in the inl ._:_',_,t:_ t.ransil;i(nzs (5-1, 6-1. and 13-3)

can be as large as 25_. h ,i,_si<)n of (2]1from l,h(_¢ = :; (()mplex l(_tds to changes not larger

than 2% while the fitting _,'ir.h TEC, as eXl)e<:t(J(I (:_l,_('s (liffere_t<:_s mostly in the sensitive

intersystem transitions.

In Fig. 2a the transi_i,_l probaI)iliti_s (:(nnp,t_,,_i in apl)roxinia_ion AST1 are compared

with those by HFR1, COl:. SAF, and :\ICIDF. \Vl_ii_. l ht,_e is excellent agreement with COR
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(within 10%), the data ill iJ[FR1 an_[ SAF an' _, _,',_,i;_4_' higher 1))' _ 5_ with scatters of

!4% and ±12%, resI)ecth,'[". Differences widi .\1('i)/.L_' as larg_ as 21%. It can be inferred

from this comparison th_ll IX)R most 1)robal)lv _l]1[ m_l consider the relativistic two-body

corrections; and the disco_,:l with HFI_.I, SAF. a_<t _\I(:DF is most Iv due to the contributions

from these operators. Thi:_ assertion is supportell i_v ;_ tl_rther comparison with the data in

AST3 (Fig. 2b); now the _ ,4reetnent with SAF _L(t .\I(:DF has improved to _ 10% while

discrepancies as large as i';/;/_: are found with C()I:. 1-1,, larger differences now found with

HER2 (15%) are an indi(_,tion that the Blun,_ \x.;_t,_)_ s_:reening in HFR does not account

adequately for the Breit itll_uaction. _['heoul(:olnt _,i l i_is (:()mpari,_on clearly 1)rings ()tit the

relevance of tile latter in tit, : ra<iiative decay, an(i _u:;',_ _L, (_)nfidence on the accuracy ranldng

(better than 10_) that _; _, t,:_ a.ssign,,(t Io /}_f.. ; ...l_,s iJ_ AS'I3 and on the reliability of

AUTOSTR.UCTURE platfor_:_ in the sttl([)' ()][' _h(_ ([_u;I, i)_l>erties of K-vacancy states.

We have found that _1_,_K-vacancy states i_ l.i-Iik_ iron, in addition to their dipole

allowed manifold, can also, _lecay radiatively vi;_ _,_,_llx' stron_ magnetic transitions. As

shown in Table 5, the A-w_l_e_s for th<, .k.I2 coinpol_,,_l._ m [0-3 and 13-2 are almost as large

as their E1 counterparts. _n([ therefore lllll.sl [)l! _;ii<(?ll iato _l(:C()llIlt in order to maintain

accuracy. The situation 1_ ,_mes (:riti(:al fbr the i.-,2.-2t) 1 _,,IV _ ln(_,astable which is shown to

decay through both M1 _, l,[ _k12 transitions (so, 'i:_i)l_' 3). It may l)e also appreciated that

the M1 A-value must l)_ _h:ulatcd with the lcl_ii,,i_ti__tllv c_)rn,vted operator (see Eq. 9)

since tile difference with til,. um:orrl_ct,e_l versi_m i._ % _l<i_'rs _)f magnitude. Chen et al. (1981)

have assumed that this st.;_:, decays radiativeh-oHlv _-i;t lll(_ lki2 ttansition, and quote a value

of ,% = 6.57 x 109 s -_ in :_,,M agreement (7_X,,)wit i_ ihc 1)resent Axl_-value of 6.16 × 109 s -1.

3.3. Auger :u_es

While tile radiative i ;_nsition l)l_)l_al)ilhie._ _:.,_ :,, r_s<)h'(_<l satisfactorily, the effects of
• -the maguetic couphngs ou l_(, Aug_,r r_l_-'s __' u_,_, ,:. /_/_,_t aud l:l_s Mrger t}w discrepancies.

A Li-like K-vacancy level _,tr.oionizes through t 1,..;it_._h' dmnnel

., I,, (2,b'A + 1 ' --l_2s _21)'''_ )L j, --Is _ _So+e (16)

that ends up in the ground state of the He-like cidh[ i<>ll. A COml)arison of rates is given in

Table 6. As before, due t_, _;trong c_m:ellatiol_ <'[[{_{_,. ',,<' ('xclud(_ the ls(_S)2s2p(aP °) _P_/_

and 4PT/. _ states from flt_]:er discussion. By _:_,i _i_:_li_:< data floin approxinlations AST1

and AST2 (see Fig. 3), i_ is found signiIicant ,_(_,,z!ivit:v to rh,, Breit interaction: states

with logA_ > 13 are in ._a(.]_,,ral red_(:e_l 1)v m) m_,_<' ll_,_l I10_,, l)llt the smaller values show

decrements as large as a t_, t<)t of' 2. In this rCSl)_,_t _([ _s showl_ in Table 7, the spin-spin
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interaction can c_msedra>.r], chang_'._ i_i (h_' J_t)(._...... ,,Hlv due (_o level coupling within the

parent bound configurati_>l, _, (bound -bound (:o_LI>li_.'-' I_,L. also involving the final continuum

configuration (bound-fre(-' <,mpling). An out_stm_[i_,:_, illustrathm of this correlation is the

Is2s2p 4P_/2 state which (:_i)_only autoionize thr_>,_,<i_ th<' sl)in-spin interaction. By contrast,

CI from the n = 3 comi>},'x is found to be l(q;_(i.,(,Iv )mimportant, but the TEC lead to

noticeable changes (25%) i_L _ll_, quartet states. ('.:.,. !__>!/.Ipj, that can only deca.v through

relativistic intersystem co_l,[mgs that are sin>lily(. I,_ i_,_('l seI)aration. The good agreement

(_ 10%) between AST1 _rl, BPI_.l fi>_ s_a(_es wi_,, i,,_. t, > 13 r<_infbrces the AUTOSTaUC-

TURE nulnerical formulati, ,iJ (>f mlt()ionizat;i<>tl l>l_>__:._:,'_. m_d (.h_tt l>etween BPR1 and BPR2,

further confiiInatioi_ that : 'i from '_1.> 2 COml)lux_'_ is iH(qevant in the decay of I(-vacaney

states of this ion.

Unexpected large disc L(pancies are ent:ounl.('l(([ wilh tile, data computed with the HFR

code. In the case of HFrg:_. they can perhaps I>_, _r_ rilmted to the simple atomic model

adopted by Lemen et al. (1!)84) th;tt neglects l><>_iti '1 ;u_d tlw I)veit interaction, but. their

origin in HFR.1 and HFIT{:__ ;,v('. less ch>;u, r['a.kitt_ i_:l,_ <_msideratio_t that we have computed

reliable Auger rates fbr (_i 1,_,c l:(! ion._ wi(ll t:his <(_<,.. il_: _:_us(_ could be tentativeh-ascribed

to an oversimplified imt)h _,:,'nt.a.tion (_t l.h<' 13_<,it [.._ ,._,_l i()ll.

In Fig. 4 Auger rat,(:> i_ AST1 aml .-kSl.)_ _,,,_tmr_([ with COR, SAF, and MCDF.

While agreement between (:()[-{ and AST1 is \vill ti:_ 1()_)(. it. cl<uly deteriorates with AST3;

this is further evidence ot _},,' neglect o[ the Br(,it i_,l,.l_,(tion 1)v ( )R. Significant differences

are also found with SAF _(1 MCDF in l>artic_ll>_)t(>_ (he smaller values (log A_ < 13).

Focusing our discussion o_t t lm larg(w rates, data l)\ :'_'\I: ;_(' on average 8% higher than AST1

which is a worrying out(:,:,_,)(' as th<' inchtsi(m (,l _)_,. l,,(,it inter_(:tion in general decreases

our rates thus magnifyin; {t,c discrel_an(:y. This _a,_t i)¢, a.l._l)r(x:ia(;ed in the comparison of

SAF with AST3 in Fig. 4l, v, here the larger (lifl'<<_<,.s _t_, [ound for decays subject to strong

spin-spin bound-free cor_ ¢.l_,I:io_x(se¢' "l'able 7), anaL <_ iw_haps l>c attributed to its deficient

treatment in tile SAF apl, _)u:h. By contrast., i.ht, ,[i>_:()[([ bet, wt_e._ AST1 and NICDF for the

larger rates (up to 32%) t_ ,(_(hlced to within 1-)<., v,,-h(,_]the Breit interaction is taken into

account.

The lack of data stai,ilicv for A_tger transi_i,,,_> wil;h log:4_ < 13 is further put in

evidence in the tricky de<..v, ()f the l s2s2p tl>.i/. , s__,,.. 'x\hile tlt<u_ is good a.greement with

Chen et al. (1981) fbr th(-, t,,tt_ina.nt __<liai.iv(' .\I_) : ,,l_,c (see S(-'_:cion 3.2), their Auger rate

of 6.53 × 10 _ s -t is a fact.(,_ ,_13 larg(u th_ts l)_(-,_li, : ._v _ hm'er fluorescence yield (0.50) than

the present (0.76) for thi._ >tale.
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3.4. 13',and (: i:,.:::t>i's

In the spectral svntl_,, :-i_ (fl di('.h'::t_rotfi(: ._at, i.... ii:;:-s. :elov_n_ parameters Ebr a k -+ i

radiativeemission are the }_rem{:hingratio

and tile satellite intensity [:,(:t,or

@:(Lz) =- :/:,,U,(/.

where i), = Z (:,,,:):--:.(/,:),.:.:.,,

,.<(/,:) (18)

:,.._l,_::t.ivelvI.l:e A-value, total radiative

widdl, Auger :ate and sT:;l i,,dc:al weight: of t,hc L:t)I>,,_ /, h:vel, h: %Lble 8 we compare our

best data set (AST3) witl: J?OR, SAF. and NICI/)V. I::)i B,. > (I.1; the agreement is within

5% except tbr the COl:{ :; 3 and dw SAF l J i li_:,s where it deteriorates to 9%. The

former, being an intercom_::mdon tr_msition, is s_.,:_iriv:, to the atomic model while level 11

is subject to admixture. I:_, ]2, < 0.1. tim ac:c(>::t > wi: hit: 15% if transitions affected with

cancelladon are put asich, [:(>l Qd > 101:: s i :L:,.:,':'l',l:'lil with ('()t_., SAF. and MCDF is

respectively within 10%. :!;:/. an(l t5'/:. I_,ll l:_ _i:,. >,_:_lh-:r values, discrepancies up to a

factor of 9 do appear.

4. Summary and ,:onclusions

As a starting point ;,: a proje(:t to COml)::I:, it_q)_(>ved atomic data for the spectral

modeling of Fe K lines, ::_' have carried out _,.,:I::,:_siv_, ,::Jculati(ms and comparisons of A-

values and Auger rates f:,_ l;he.' K-v:_{:an(:y slali::> _>/ liar' Li-like Fe xxIv system. Primary

aims have been to select _t >:l)l)li(:al)le (:otul)ulst_i_,J_:l i)l;tl.form and an efficient strategy

to generate accurate an(l ,_mqflete d,:ta sc_ts fo, ,,tt_(,_ members of the first row of the Fe

isonuclear sequence.

Several physical effe, t, ha.re been considet_,::: :>ll)it;al iei)re,.sentations, CI, relativistic

corrections, cancellation. _111(tsemi-empirical iml):()\:,tll_,ms. For an N-electron ion, we have

found that the most realist;i(: representation is t{_ i:;_v(_ different orbital representations for

the K-vacancy resonances _,nd the vabnc_: st.al(!s. {[_is i,- (:urrenth" available in the HFR code,

but most other platform,_ _s_, _>rthogo:m] orbi_:_:l J,_.-,,_ i;>r (:_m:p_t, ational efficiency. In the

case of AUTOSTRUCTURE. v, hi<h uses e: ])spu:h)-t.<,_,, [:.,:t:iti _qqorom:[: to compute Auger rates,

orbitals of the (N - 1)-eb, 7_t()li syst._:m tttllsl lltt!h _ il>:':[. Level (:ouplings within the n = 2

complex have been found i(> lm vital :h_ts s(,li(_tl:-,i . ,:t:.;<li(ming th(' reliability of the atomic

model adopted by Lemen .,I al. (1984). CI fron: hi>t>: ,:_ml)lexes <ontributes negligibly. The
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two-body relativistic opel_,_rs, both fine strlt(:t_l__;_t(t llOil-finestructure, play conspicuous
roles in the decay pathw;_5_sof the K-vacancysl ;L_(,__}tthis ion, particularly in the Auger
processes.Electron corr<;_fion could be then il_I_,_l>l('T(_*las being highly magnetic: both
bound-bound and bound ttee spin spin c:out)lill_:_hstv,'}>eenshownto be large within the

4 o
n = 2 complex and speci_]l', critical in the Au?e_ ,[,,_ :_x ,>[ the' ls2s2p Ps/9 state. This state

is also shown to decay r,_,liatively _;hlough forl_i;i,[_ 211 and M2 transitions, the former

requiring a relativistic c_,_ct:ed transit, ion Ol_'r,,_,_ _, _void er_ors in the line strength of

several orders of magnitm[¢', in this highly ioni×_,¢[ lt_n¢',ti(: s(:_'nario, computer programs

that do not include a fort:ls_l numerical implemc_t;_l i¢,t_ (>f the Bteit interaction, or neglect

it, have limited applicability. Such is the cas(_ of L_r'RM and HFR. We have also looked

into cancellation effects, fiu,[ing several t.ra.nsi_:iol> xx-il:l__cute disorders that discourage any

discussion about their pr¢, _, tt.ies. TEC have l_ee_ tl,_l to be a useflfl option to attain high

numerical accuracy, speci;_ltv tin lira, id<u_tilic_l i,,_, _t[ _(, render intersystem couplings that

can be sensitive to level si_lilI:.inos.

In the light of the pr(,t,l(_ms disc_tssed _l])_t'. .. _)>:TI{UCTU_.t:: emerges as the platform

of choice. This implies th,1 tt_e pres{!nt; _:al(:_b_li(,t_ (.i_(1> i_l) being an independent validation

of the work by COR, anti. I,\, incht_[ing impr(lvc_l l_;_alwlie corr(qa.tions and fine tuning, a

substantial refinement. _lh_. level of agreement, t_,ltlt(l wilh C()I¢ at the different stages of

the present comparisons c<_firms this assertion. ] its' {,x<:(qlent accord also obtained with the

radiative rates by SAF an, i 5ICDF allow us/;o esl.,i,li_I_ , titm ranking of better than 10% for

the AST3 A-values. On i I_' other hand, the [ai_i, [_,t<<. (liscrepam:ies with the SAF Auger

rates are believed to be <:_s_,_l b3: their rough t_,,:,t t_,,_l of l;he Breit interaction in terms

of screening constants. [:_,_n the agreement witlt ",I('!)F. on the other hand, the present

autoionization data with I,,:4A_, > 1:3 can be ra_I.:_'_l i_, within 1.5%. We can also conclude

from the comparison witl_ H:\F that th(_ precisi_)_t :_tt sliHc(l for the K-vacancy level energies

of 4-1 eV is a lower boun_t K I)rcsent computatio_:_l _:,t_',l_ilities. Since it necessarily relies on

fine tuning, and considerin>_ tit(', current, unavaib/i_ilil v _f (:omplete experimental K-vacancy

level structures for Fe ion_. _urther spectrosv()pi( _i:_, xv,mld be an asset.

The present method<_l,_,y <>fusing ,_evera.l __,***l,t_l_,lional platfbrms to treat inner-shell

processes has proven to b, i<_,x in el_tci<[a.t in_ t.h_' i)i_',si_s involved and the level of accuracy.

It was previously exploite, l I_v C()P. and SA[" ;lit<{ 1..__' _vcentlv by Savin et al. (2(t02), and

it will be therefore main_i!t_,_[ in our calc_tl_t.i_ ..... l_ ,_lher members of the Fe isonuclear

sequence.

We are indebted to I)_ Nigel Badnell (Uni\(._>il\ _)[ Strathclyde, UK) for invaluable

discussions regarding the AUTOSTIZUCTURE Ol)Ii_l> ;t_:_l Auger processes in general, and

to Dr. Claude Zeippen (,)l_,servatoire de Paris. l:,.;_l,cc) for assistance with the relativistic
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correctionsof the M1 ope_, o_. C_[ acl<nouq('x[_('__ :_('_li(>rResearchAssociateshipfrom the
National ResearchCounci .
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'l"aLbl_' 1. Al)l)r{)xil_lL{>tl key

Feature ASq ,\ST2 ,\Sq';t IIF'I{ 1 i ; i_ I I Vl{3 BI >t_I BPR2 COR SAF MCDF

Orthogonal orbital basis Yes hi> "_l_s N{} %) Yes Yes Yes Yes Yes

C[ from n > 2 complexes No N() Yes N,} _ .-_ %, No "Yes '? Yes Yes

Breit interaction No Yw> V_s Y_.s ; ._,, No, No ? Yes Yes

QED effects No N{) ;_J N. ' £_, .'q> N_} No Yes Yes

Semi-empirical correcl;ions No N_ h{_s N,, .... _ No No No No No

[(et'erences. -- AST1-AST3: l'_,,:,q_l work (._t:TOSlHu('r[:l_l::

by Lemen el; al. (t984). BPFH: l_,_,,,ul work (l;I,l{Xl). i_PI{2 ,_l

set from Kato et al. (t997). SAF' r:, [l{mi)v_t (l_ll;it siq. tl'(inl l'(aLIt,

Multiconfiguration Dirac-Fock talc lii,thm by Chc,u (198/;).

I. :i LiFH2: lhese,t( wol'k (HFR). HFB3: ltFR calculation

1 ,Lh ulali,m by Nahar et al. (2002). COI'_: Cornille data

.... : i )!)7) aild ,%dr[mova & Shlyaptseva (1996). MCDF:

Tabh-', 2. L(*,* (,nergi{'s (k('V) till .... '2 {:ol_q)lcx of Fe xxIv

i State Ii::i,_" AWI'I ANT2 \:< t:; IIF1R [ HFR2 BPRI BPR.2 SAF

0.(} _)U 0.0 0.0

().t}l'_;00 t) u a777>

0.{] _1;(;6 _ ,:ii Ui7:,

6.6072{i!;_l ,,),,t};

6.(_1 ',' ),;_ ;i 6.6177 (5.617

6 6230 6.627

,, (5.(549

, 6.063

1 l.s22s 2S1/2 0.{) t}.[)

2 [s22p 2p_/2 f}.0.IS01 I {L0-[92W_'

') o O,O(i(i!)(;(} 1}.0(51_887>
3 ls22p Pa/_

4 ls2s 2 28i/2 fi.6{199 (i.{i{}7{)

5 ls(2S)2s2p(apo) 4p?/2 f;.62()2 (i.() / 8!)

6 ls(2S)282t)(:3p o ) 4p(_/2 {i.{i'2-,:_ (5.{;227

7 is(2S)2s2p(3I)O) "1l:){rl/2 6.6.175 (i 1;;; 12

8 Is(eS)2s2p(:'_p ") 2p'_/2 (i'i,,> (i.(;(;2 i (;(i-,!}s

9 is(2S)2s2p(3, p{,) _[9:,oa/.2 (;.. } (i.(57;',2 ti.(;(;!)7

10 Is('r>S) 2p2 (:_ p) 4pi/2 (i _17_,1 {i.(i7,_ [ (i.(;771}

li ls(2S)2s2p(]po) 2pt/2o (i.,;7,,t 6.68(;6 6.{i8.1t

[2 ls(2S)2s2p(l p °) 2P_/2 6.67')2 6.{i89(i 6.(i£67

13 ls(2S)2p2(ap) 4p3/2 () 67'_ _, {i.Ta(;S 6.6855

14 ]s(2S)2p2(3 p) 4P5/2 (L,i< , } G.(i!) l(i (i.Ii9 l 7

15 ls(2S)2p2(_D) 2Da/2 6.7:!77 6.7137 (i.7!I_

16 ls(-'S)2p2(ap) 2pi/2 (i.7:i ],, (i.Tl q!) (i.7t2S

17 ls(2S)2p2(iD) 2D5/2 (i.7_1).) 6.7211 {i.71T{;

i8 ls(2S)2p2(ap) 2p8/2 {i 72_!1 {;.7:Ll!) (i.731q

19 ls('2S)2p2(_S) 2S1/2 (7:: ; (;.7311 (;.73[1

{,2 }[;

C.-dl

7,,27

, 7,1;

, 7:',q

_, 7!-'5

7, .

0.0 0.0 0.0

{}.018499 0.048599 0.048540

0.064539 0064566 0,064534

(;.(_01.8 (i (i00,1 6.6011

66129 {5.6131 6.6135

I; (ilTS (i.(i173 6.6171

(;6295 5.15265 6.6283

{;.(;,'>3_ (i.6537 6.(i(505 6.6534

fi%{;4 I G.{i(i18 6.6708 6.6624

6.6709 6.6708 6.6764 6.6717

(i.{_784 6.6766 6.6831 6.674 6.6765

6.6812 6.6790 6.6869 6.68l 6.6795

66790 6.6786 6.6853 6.6798

(i (i865 6.6857 6.6932 6.6856

{5.705{} 6.7029 6.71t2 6.7042

(i.7068 6,7()-18 6.7141 6.7052

6.7120 (;.7096 6.7189 6.7097

_i 7247 (5.7219 6.7329 6.7230

{;.711_ {i.7112 67519 6.7428

aExperimental level energies floi:] :, fi_ai et al [2{}00).
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Table 3. Wavelengt.h,_ (A) 1()1 _. ,_,_,_dLions in Fe XXIV

I.abeD k i l::x pt b A_'I '3 11V E:-_ < )[: SAF X[CDF BPR2

p 4

o 4

v 5

u 6

7

7

r 8

q 9

i 1(1

1l 1(1

1i

s 12

g 1:1

[ 13

e 14

k 15

l 15

d 16

c 16

j t7

1) 18

a 18

n t9

m 19

2 :-,!)2 i!1(25)

3 S9_;_{1(20)

1

1 _7:_47(35)
1

3

1 ai;:'_25(21} }

l ,_1; 1 ().,1(15)

'2

1 '_,-,_;!1;'1201

i

'2

:_ >7216135)

8

'2

3

3 81i.',71s(t2)

'2

?, 81;2{}71311)

2

8 s.5_;!1;_(20)

1 5U22

1.897 I

1.8748

1.8737

1 ,_701;

1.889{}

1 .£(i;_!}

_1i !0

£7211

H71;£

85(;8

>-,i_Z

,_ti )T

.N715

.8729

.862,{1

.8577

.8626

.8(i7.l

.85{il

8,376

81i23

N52:1

857{1

I 8!Y_'; i >;,!_i [.8!)2t 18927

I 8!).Ii I >!il6 1.8969 I 8!173

I 87l,_ 1.8748 18752 1.873

I .£T:_; _7 l 2 1.8738 1.8742 1.870

1.8{;;;I ._,i_ I 1 8685 1 864(3

I .>t;I 1.8(il (} i 8613

] .'qT_'L 1.87'22 I 8725

I NTt; I ,_76ti 1.8771

I N=,7, ; I N,';71 I 8,571

I _-,,; ,- .... I 856;f i 8:"_134

i .-7,, I 81i!1!1 18702

,',71 .... - 't 187,t3 1.8747

872L : ,',71!._ 1.8727 1.8730

Nii;:2 : ,%()[ L 8631) 1.8631

8(£7 : >(,'i2 /867-! 1.8676

.81,_', i >-_! I-1 1.81";28 1.8629

.8(i72 1.8672 1.8673

,_{i,',,< _*_i ;I 1.865!1 1.8660

.£57!., ', ,. 2 1.8578 1.8578

._(;2: _-:,!_; 1.8522 18522

.8-,._, ; s'lv> 1 852:{ I 8521

_:"__ = L ! S-_ :') i .85(i(i I .85{i _'_)

1.86'4

1.860

1 .857

1.855

aTransii:ion lalmI_ (,_,] S{mly el a}. (.19851

bTol_.&lll&i.: IIII2;A:gIt , I i*}II[h; (llliC{_llit. iltl, ite5 ill I)l;k{ fill- I,, I',_ [(qsdorter el al (1993).
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Table 4. A-values (lt) _:_s-') for ! Ll:_>il,ions i]_ Fe XXIV

Label a k i ASTt ._S'I'2 AST3 I1[:1_1 t:] !t_' P;I'R2 (:()I:{ SAF MCDF

I

q

i

h

t

s

g

f

e

k

1

d

C

J

b

it

11

IIl

4 2 9.76-1 '.l(i 1 9.27-[ I .t):_ - i, _i !).51-1 8.75-i 8.25--1

4 3 !t.85-1 ' 8,1-1 9.52 -I l.t)8.1tl _, .4J !139-1 9.07-1 82:16--I

5 1 4.06-1 t.98-1 4.!17-I 1.0_- t ::, : :i.(56- I 4.92--1 4.86--1

6 [ 1.40+1t I 55+0 t.55+0 I._(I -ti _,, _ t g2.+() I 17+0 159+0 1.54-_-0

7 1 6.18-.1 ; .18--4 t;.lt;- I

7 3 1.93-5 1.91-5 1.!)1 --5

8 1 2.88+1 .0fi+l 3.01, [ :' I11, i , ::, t 280+1 2NN+I 3.19+1 2.8!)+1

.9 1 :1.70+1 1.7lT[ 4.71_ I ,i.!1.I-,-1 i " .... _ 1.74_-1 ,1.87+1 4.43+1

10 2 1.90+0 :.I12+0 2.[7r(J 1.8111Ii I >, :_ 2.10+0 1.98+0

10 3 1.77--2 7.70--3 9.12-3 1.79--2 _: 2 9.30--3 1.27--2

11 i 2.01+1 1.82T1 18(51-1 2.0I : _ : 7_ " ; 2.14-t-1 2(13+1 1.79+1 168+1

[2 I. 8.92--1 -.90--1 1.1!)--1 (i.57--i _ -'''[) 7,.83--1 l'II--I 7.78--2 3.23--1

13 2 6.21--2 _ 63--3 4.51--3 903-:_ ! I_', _

13 3 8.01--1 t 014-{) 1.0(i--0 8.11-1 ", i , [

14 3 3.11+11 11+0 3.58÷0 3.1(1+0 ; 2; :u

L5 2 3.13+] 17-_ I 3.[1+1 ?,.2(i-rl ; f,: .

15 3 3.39+0 i :_;24-1) :{.6 I+0 :',.;1!) +_1 _ _'t +_

16 2 5.39+ t " .35_-1 5.?,1 + I 5.62--I -, =_;.

1(3 3 1.58+[ i (;3_ I 1.60 kl l.GiiTl , b,.

17 3 2.0!)+{ _ {}!)--t 2.051 I 2.1.9 :-J z i,

18 2 1.15+1) ] 7(1--I 9.6!)--1 1.21 iu i :,,

IS 3 6.16+I _ 014 1 1;.07. I (5 l:gi I :; ,

[9 2 9.78--1 I 20+0 1.03_ 0 l. II i-O . tJ

1!1 3 2.,16+1 _ t24 1 2 1117 i 2.51;* t l

2.40-3 3.42-3

,",23-1 1.01+0 9.67--1

437+0 3.51+0 3.17+0

415+1. 3.27+1. 2.96+1

4(i9+0 3.90+0 3804-0

5 :_;!1+ I 5.44+1 4.97+i

1.65+1 1.53 4-1

2 I1+1 2.16+1 L.98 ÷[

125+(I 8.63-1 757-1

(i20+1 6.21+1 5.64+1

_8!1- I 1.09+0 1.08+0

2..14+ i 2.43+1 2.22+1

a-fia, nsition labels from S :Li', t:l, ad. (19S(;}

Note. -- a4-b=- a × l0 =!
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Tal_le 5. +4-vahlus ,:./ .', J) f(_l 11 traJ>it :,_: i! [_ :-,iz_d_[e ]llagnetic COlnponents

; i E1 Ni2 +,,ll/_it _

7 [ 0.() 6.11i _-(_

; 3 0.0 0.()

]_ 3 9.07+] 5.()-I--L

]: 2 3.99÷1 5.]9+_

i)

!ii I/G.tl-T

,)]ul)ul;e([ witch un(:(_i_(',: I_.{t +,,[1 ()l)eratt)r.

+\+)l:e. --- D_Ka (:(roll)Ill {'_[ ,,\il ti al)proxinla-

t:i_>l_.-\ST3. a---L,b _ (l x 1_,

T_d)le 6. AtL ,,, _ rat, cs (i(i L: s [ t{,: - :,:;_(:v slat_s in Fe xxIv

Z AST1 AST2 ASi ; IIFR.J tlFI/2 II:l_; _l'lll 13PR2 (:;OR SAF MCDF

4 1.40+1 1.44+1 1.4:1 I _g61+0 8(;0+0

5 1.88-2 1.45--3 [.33 ; t54-2 1.119-2

6 7.96-2 3.55--2 3.!)1 2 d56-2 131-2

7 0.00+0 1.99--4 1.97 I 0.00+1} 0.0(}+{J

8 3.67+0 4.29+0 ,L21 ,_ 3 12+11 2.!12+0

9 8.99--4 2.34--2 1.11 ." 3.{11-2 8.57-2

10 2.55--2 2.53--2 :L:I7 ' 2.21-1 22:}- I

It 7.43+0 6.87+0 (i.77 ,: 7.10+0 7.7,5=0

[2 [.10+1 1. [0+1 1.117 1.05+1 I .b,[-- I

13 1.55--I 8.44--2 !).(il, 2 i 37-1 1.i2-1

14 2.3[+0 2.20+0 2.(il _J 2.05+0 2.13÷0

15 1.?,9+I 1.26+1 1.2.- : 1.29+1 i.:10+i

26 1.06--[ 9.16--2 9.3!; : 2,58-t 2.55-1

17 1.52+1 1.44+1 1.371 1.44+t 1.t3+l

18 3.44+0 3.49+0 3.2_ :.t_ 3.217+(I 3.29+0

19 3.09+0 3.00+0 2..9>,-_ -,.86+0 .q ,'-;5-0

I11 ,

C;.:_J) :

7.8{;

Ci.2t}

:L 16

#_. tz

792

1.17

!120 : _,

3Cj8-- }

I(}l{:

257 : ;

[.21-i

I-, _ I 1.41+1 1.47+1 1 42+1

, - 2 1.5.1-2 1.[9--2 557--3

_;7 2 _i..15-2 8A0-2 8.85-2 1.71-2

: a;,- 1) 3.!111+11 3.80+0 3.21+0 ,t.83+0

.... +_ '2 1.80--2 3.02--2 5.74--2

. " - 3.24-2 1 53-2

. ,:t • U 7. II11-1/ 7. lO+Cl 8.96+0 7.00+0

1: : ! J.t)6a-I 1.1(}+1 1.2[+1 1.05+1

, 7;- 1 1.58--1 1.0I--1 -1.30--2

' -,t,_ t} 2.36+0 2.64+0 2.I7+0

i :',> bl 1.35+1 1.44+i 127+1

- {11 -2 9.50-2 9.08-2 1.64- I

! I;-. I i.+16+1 1.60+1 1 42+1

: i!_-I1 329+0 4,16+0 3 i4+0

; 7.-, : t) 2.8?,+0 3.2i+0 2.72+0

Note. -- a_b _ o _ I.O =i_
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Table 7.

ASTI ASTI_-_:, \_I'L+SS _'

! 1.4()+ 1 1.31--1 I }1i+1

i.88--2 :1.7()., .... ., i>---3

,; 7.96-.-2 1.27 , '_,;--2

/ ().0 ().(1 : f,!)--4

"; 3.67÷() 3.92_-() .;!_+()

!_ _.99-1 1.6L-i [.21-3

i_ 2.55-2 2.11-.2 2(;_)-2

i I 7.43+0 6.4,+() T.52_-0

1:: 1.10+1 1.02÷1 {._f)--'-l.

l:; 1.55-1 7.9!)-2 ;.,_2-;2

I, 2.31+0 2.0()+() _.()_i-+()

1:, 1.39+1 1.14-_-i i. i i_-I

l_; 1.06--1 7.37-2 l.)',-I

[- 1.52÷1 1..29÷1 i..],7_-[

1_ 3.44+0 3.42+() :: !I+{)

I_) 3.09+() '2.67+(_ :;,_)_)+0

,(:l(,d.

[_I3¢nm(I fl¢,(, xl)itL _-i_..... ,,l[!>[in _ in-

{_,,h_t[.
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Table 8. Radiativ{_I)ranchingratio,_H, :i_ :<_l{:llite inlensity Qd factors

Laloet a k i

AST3 ( 'O It SAF MCDF

Br(k,i) (,)L ' ; IL(I_:,,) Q_i/,., ,,,:i, ,:) Q)a(,q, i)

( L0 la s -1)

p 4 2 5.72-2 1.61:(i

o 4 3 5.88--2 1.6,_ : t:_

v 0 1 9.97--1 2.66 :;

u 6 1 9.75--1 1.53 1

7 1 7.40--1 8.7{i- i

7 3 2.32--2 2.75 ,

r 8 1 8.76-1 7.4t-{,

q 9 1 1.O0+O 5.61 F

i 10 2 9.81--1 GAil ::

h l0 3 4.12-3 2.77-I

t 11 l 7.33- 1 9.92 - _,

.,. _()--. I.Ii! I,s I2 1 " " " ')

g 13 2 3.90-:_ 1.51

f' 13 3 9.13-1 3.5_

e 1.4 3 5.78--[ 9.0ii- )'

k [5 2 6.61-1 3.2!) _

1 15 3 7.66-2 3.82i( _

d 16 2 7.68-1 1.41 i

c 16 3 2.31- I 4.34 2

j 17 3 6.00--1 4.92 i I

b 18 2 1.49-2 1.9(i- i

a 18 3 9.35--1 1.2:_ _ ;

n 19 2 3.68--2 2.15

m 19 3 8.59-1 5()[

6.00-2

5.90-2

9..i(;-

:', .,_{) 2

827 I

5.88 I

6.55- l

6.,10- 2

772-1

5.92- l

I 90-2

9.31 - [

:1.20-2

8.57- [

I .{i£--ll % 29-2 [.56+0

l .fi(; -i-t) , I!)-2 L.(i2+0

'}76-1 2.32 2

3.1. l , 17-1 3.35-I

6.72, tl

i .(2".

52:_

831 :{)

353 4- i

2t47 i U

i 47 I

5.17;-

2.t7

1.23-

1.7!) -

1!)() to

,_ rl!i I 5,8:;+(1

_.i,I}- 1 1.21 I

{_ '_1 - I (i.37, -2

I 7;% t 2.82-1

, ri7 I 1.1!14-I

, i I ', 20!) - 1

.: Iti 3 _ 72-1

" {£-- 1 367 I

7, 7[ -I !).OI i-O

t, I1-1 :/.7(1+1

; !i.1-2 d 41+0

767--1 1.3!}- 1

! _2-1 1.21-2

- 7A- I 5 52q-1

2g-2 2.11- 1

I 25 -1 I.%1+1

i :q'_' 2 2.,I.-, - 1

-,<} [ 5 1{;!41

5.20-2 1.48+0

5.25-2 1.50+0

9.90-1 1.10-2

9.90-1 6.78-2

8.55-1 8.28+0

9.98-1 2.29-1

9.85-1 :l.0l -2

6.30-3 1.93-4

7.05- I !).88+0

3.0{}-2 1.25+0

3.38-:t 5.81-4

9.53-1 1.64-1

5.93-1 7.72+0

6.43-1 3.25+1

8.25-2 4.18+0

7.65-1 2.51-1

2.35- I 7.70-2

5.83- 1 4.95+ 1

1.26--2 1.58--1

9.35-1 1.18+1

4.16-2 2.26-1

8 55-1 4.6-t+0

aTransition labels from See[,,' el ,t i l!}8(i).

Note. --- {_ ± b __ a x 104-b


